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ABSTRACT 


A two-stage gas turbine combustor concept employing a very fuel- 
rich partial oxidation first stage has been explored for broadening the 
combustion margin between ultralow emissions and the lean stability 
limit. Combustion and emission results are presented for a premix com- 
bustor fueled with admixtures of JP5 with neat Hg and of 0P5 with simu- 
lated partial-oxidation product gas. The combustor was operated with 
Inlet-air state conditions typical of cruise power for high performance 
aviation engines. Ultralow N0 X » CO and HC emissions and extended lean 
burning limits were achieved simultaneously. 

Laboratory scale studies of the non-catalyzed rich-burning charac- 
teristics of several paraffin-series hydrocarbon fuels and of JP5 showed 
sooting limits at equivalence ratios of about 2.0 and that in order to 
achieve very rich sootless burning it Is necessary to premix the reac- 
tants thoroughly and to use high levels of air preheat. 

The application of two-stage combustion for the reduction of fuel 
N0 X is reviewed. 

An experimental combustor designed and constructed for two-stage 
combustion experiments is described but was not operated. 
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SECTION I 
INTROPUCTION 


New combustor design concepts relative to those used in contem- 
porary aviation engines will have to be developed if the emission of 
gaseous pollutants from future engines is to be minimized (Refs. 1-3). 
This prognosis results primarily from the difficulties associated with 
minimizing the oxides of nitrogen emissions (N0 X ), though the actual 
excursion from present design practice will be governed by the degree of 
NQ X control required by eventual governmental regulations. Current 
standards proposed by the Environmental Protection Agency for the con- 
trol of air pollution from aircraft and aircraft engines are contained 
in the Federal Register , Vol. 43, No. 53, March 24, 1978. The emissions 
of carbon morioxi de (CO ) and unburned hydrocarbons (HC) are generally 
easier to control but will also require substantial reductions simultan- 
eously with the N0 X reductions. This simultaneous reduction is a com- 
plicating factor since combustor design considerations for low N0 X and 
low CO emissions are generally contrary to each other, 

A very effective approach for controlling the formation of ther- 
mally generated N0 X is to incorporate fuel-lean burning in the primary 
heat release zone of the combustor in order to reduce peak flame temper- 
atures. The emission of thermal N0 X , which is very temperature- 
dependent, can thus be dramatically reduced. However, the leanness re- 
quired to achieve minimized N0 X emissions from a practical combustor 
leaves a relatively small lean-blowout margin. Furthermore, as the 
lean-blowout condition is approached, combustion becomes less stable and 
emission of CO and HC tend to increase rapidly. 

Thus, the simultaneous minimization of all three pollutants via 
lean burning occurs over a very narrow range of mixture strength that is 
also close to the stability limit. Control of the local reacting mix- 
ture ratio is therefore crucial. This requirement and the necessity of 
providing for flame stabilization dictates that lean-burning combustor 
concepts must integrate premixing and flameholding schemes that are far 
removed from conventional combustor design practices. 

A two-stage combustor concept that could broaden the combustion 
margin between ultralow emissions and the stability limit has been ex- 
plored at JPL (Refs. 4-8). This concept would employ a very fuel-rich 
precombustion stage where a large portion of the fuel to the engine 
would be reacted with a small portion o f the air to the engine, produc- 
ing a fuel -gas stream ideally composed of more than ?0% by volume of Hg 
and CO, the remainder consisting mostly of Ng. This "fuel gas" exhibits 
combustion characteristics superior to those of raw hydrocarbon fuel by 
virtue of (a) its Hg content, providing a reduced lean flammability 
limit, and (b) its hot, fully gaseous state, providing the potential for 
increased mixing and combustion rates, as well as reduced thermal radia- 
tion to the combustor walls. Moreover, experimental results reported in 
Ref. 9 suggest the potential of well -premixed, very fuel-rich reactions 
(equivalence ratio > 2) for suppressing the formation of intermediate 
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nitrogen compounds that are involved in the formation of NO from fuel- 
bound nitrogen. Thus, processing a substantial portion of fuel through 
a precombustion stage may also inhibit the production of fuel -generated 
NQ X in the final combustion stage. 

The purpose of this report is to document the JPL work that has 
been accomplished since Ref. 4 was published. The main text of the 
report covers: (1) the final results of experiments using neat Hg/OPB 

fuel mixtures, (2) the final results of experiments using a simulated 
partial oxidation product gas with fuel, and (3) the final results 
of laboratory burner experiments on ruel-rieh combustion. A discussion 
of the application of two-stage combustion to the reduction of fuel N0 X , 
and a description of a two-stage combustor constructed to carry out com- 
bustion experiments, but which has not been operated, are included as 
Appendixes A and B, respectively. 

Except for the laboratory experiments on fuel -rich burning at at- 
mospheric pressure, all the combustion experiments were carried out with 
inlet-air state conditions typical for 30:1 compression ratio# high by- 
pass, turbofan commercial aviation engines. The cruise condition of 
1.18 MPa (11.6 atm) and 728 K (85Q°P) was emphasized, but some data was 
obtained at the take-off condition of 3.04 MPa (30 atm) and 811 K 
(1000°P) . 1 A » remix research combustor was used for ail the high pres- 
sure experiments. 


* 


^•Although SI units are used in this report, the principal measurements 
and calculations were made in English system units. 
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SECTION II 

THE ORfTICAt CONSI DFRAT I OHS 


A, PARTI ^'.-OXIDATION PRODUCTS 

Although the partial -oxidation process can he carried out either 
thermally or eatalytically, the adiabatic, equilibrium composition of 
the product gases are identical for the same initial reaction condi- 
tions. Details of the paths of the combustion chemistry for either 
reaction scheme are complex and not fully understood and their discus- 
sion is beyond the scope of this report. Suffice it to say that the 
overall pro “.ess occurs with an excess of fuel and that the consumption 
of the available oxygen by a portion of the fuel provides heat, COp, and 
HpO that react with the remainder of the fuel to produce a final product 
gas whoso composition is a function of the particular fuel stock and the 
reaction mixture ratio. 

Figure 1 shows the results of one-dimensional, oquilihrium- 
thermochemical calculations giving product composition (molar basis) and 
temperatures for a typical conventional turbine fuel with a hydrogen- 
to-earbon ratio of 1.92, over a range of fuel -rich air-t.o-fuel ratios 
ard at an operating condition in the range of interest to the present 
work (nitrogen concentrations are not shown). The calculatior.s were 
made using the computer program described in Ref. 10. 

Note that solid carbon (0.,) *.s predicted with A/f ratios less than 
about h.2 and that the product gas temperature increases rapidly at A/F 
ratios greater than 5,2. Carbon monoxide, one of the two major combus- 
tibles in the product gas, reaches a peak at about this A/F ratio, 
whereas the other major combustible, II-*, shows an increasing volumetric 
concentration in the A/F region of C s formation. However, in terms of 
the mass of lip produced per unit mass of hydrocarbon fuel, it can he 
shown Unit Hg mass productivity of the fuel also peaks at about the A/f 
ratio of 5.8, as illustrated in Fig. 8. 

Thus, from a theoretical standpoint, the optimal A/F ratio for 
sootless Ho production is about 5.2 (equivalence ratio 2.83) where the 
lip content of the product gas is about b% of the mass of the combus- 
tibles in the gas. based on the "actual product gas" shown in the right 
hand side of Table 1 and the procedure outlined in Ref. 11, the lean 
flammability limit (at ambient temperature) of this gas mixture with air 
is estimated to occur at .in overall A/F ratio of about. 57 (includes the 
air used to generate the product gas). This substantially reduced lean 
limit compares to about 24 for turbine fuels. That reduction is the 
central argument for the staged concept discussed herein. 


B. INTEGRATED COMBUSTION SYSTEM 

Assuming that the technology for providing an optimized partial - 
oxidation reactor existed, integrating it into a two-stage combustion 
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F-igure 1. Theoretical equilibrium composition and temperature of fuel 
rich products for inlet air at 77 B K (940°F) and 2.53 MPa 
(25 atm); fuel H/C =• 1.92 



HYDROGEN-TO-RJEL MASS RATIO 



Figure 2. Theoretical hydrogen-to-fuel mass ratio for various 
inlet-air conditions typical for gas turbines: (TO) 

778 K (940°F), 2.53 MPa (25 atm); CR 717 K (830°F), 
0.81 MPa (8 atm); (ID) 422 K (300°F), 0.30 MPa (3 atm) 
fuel H/C = 1.92. 
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system has a substantial impact on present combustor design practices. 

A rudimentary conceptual design analysis serves to outline projected 
operational requirements and identifies potential design options that 
could accommodate the broad combustion range needGd for aviation gas 
turbine engines. 

An integrated two-stage system is depicted schematically in Fig. 
3, where the various fuel and air flows are also identified. From the 
usual definition of equivalence ratio (<j>) and the notation in Fig. 3, $ 
for the first stage is 




g 


n 


jflL, 

ri'agKs 


( 1 ) 


and for the second stage is 


n ^t 

0 ^at R s 


( 2 ) 


where R§ is the stoichiometric fuel-to-air ratio for turbine fuel (taken 
as 0.068 throughout this report). 


From Lqs. (1) and (2) it is easily shown that 




o 



(3) 


where S a :: m a g/m a t and Sf - iiifg/ | ''ft are the fractions of total air and 
total fuel, respectively^ that are ’directed through the first stage; 
i.e., the air-and fuel-split ratios. 

When the cooling-dilution air flow (mad ) 1s zer0 an( i oil of the 
reactants are premixed prior to final combustion, the second stage 
equivalence ratio (<j» 0 ) is not only the overall equivalence ratio'for the 
system but is also the equivalence ratio for the final combustion reac- 
tion (4> c ) . However, for m a( j/0, 


* 


c 



(4) 


where X = ni ac |/m a f Thus, from Fqs. (3) and (4) 


♦c 


i ) q s a 

(l-X)Sf 


(5) 
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A conceptual operating map for a two-stage combustor can be con- 
structed from Eq. (3) if the variation in the lean-flammability limit as 
a function of fuel -split ratio is also evaluated. It is assumed that 
the precombustion stage is operated at a constant equivalence ratio; 
therefore the product gas stream has a fixed composition and a fixed 
lean limit, such as mentioned previously. Admixtures of this composite 
fuel gas and supplementa 1 .,<v-fuol vapor will have different lean limits 
in accordance with the if c tv. teller relationship outlined in Ref. 11. 
Thus, when all the raw f is' s processed through the first stage, the 
product gas is the only burned in the second stage; therefore, 

the system lean flammability limit is at its minimum value. But when 
lesser amounts of raw fuel are processed (fuel split ratios < 1.0), the 
system lean limit increases by virtue of the richer limit of the raw 
fuel that bypasses the first stage and enters the combustion process in 
the second stage without prior processing. 

The variation in the lean limit equivalence ratio (^l) as a 
function of the fuel split ratio (Sf) is derived in Appendix C and can 
be expressed as 


<ti C L c tt L R g 

R s {Kg + SfLl + <x L + p L (l + Rg)j} 


(6) 


where R q ~ rofg/m a q5 «L is fuel -to-, ir ratio at the lean limit for 
turbine Tuel (taken as 0.0414 in this report); and Bl a constant 
based on the lean limit of the first stage product gas relative to the 
lean limit of the turbine fuel (pi estimated to be -0.6533 for 4> q c 
2.83). 


Evaluations of Eqs. (3) and (6) are plotted in Fig. 4 for a con- 
stant 4>g “ 2.83, the theoretical optimum for sootless hydrogen yield. 

The solid curves represent Eq. (3) for three arbitrarily selected con- 
stant values of air split (S a = 0.05, 0.10 and 0.15). Each of these 
lines also represents a constant total flow through the precombustion 
stage for particular engine power levels ( i . e . , particular total air 
flows to the combustion system). The dashed curve represents Eq. (6). 
This lean-limit line is a theoretical combustion limit, but not neces- 
sarily a lean blowout limit, since blowout is also a function of flame 
stabilization technique and reactant premixedness. Nevertheless, all 
other combustor factors fixed, fuels or fuel mixes with substantially 
lower flammability limits can be expected to provide substantially lean- 
er blowout limits. 

If all the system fuel is directed through the first stage, then 
operation of the combustion system lies along the horizontal at Sf = 1.0 
on Fig. 4 and the air split would have to vary linearly with overall 
equivalence ratio in accordance with Eq. (3) with 4>g fixed and Sf set to 
1.0. The control of the air split would probably require a so-called 
variable geometry combustor design. 
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Figure 4-. Conceptual operating map for two-stage 
combustion system. 
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If the final combustion is to be carried out totally premixed with 
all the air to the second stage (m a( j » 0), then only the system equiva- 
lence ratio region to the right of the limit line, shown in Fig. 4, is 
theoretically viable for completing the combustion reaction started in 
the precombustion stage. If a portion of the total air flow is to be 
used for film-cooling and dilution (m a( j > 0) as would be required for an 
engine combustor, the final combustion reaction would necessarily be 
richer, as shown by Eq. (4), and the overall equivalence ratio could lie 
to the left of the limit line so long as the final reaction equivalence 
ratio was to the right of the limit line. The final reaction equiva- 
lence ratio in that case depends on the fraction of the total system air 
used for cooling and dilution (X) and the over-all equivalence ratio 
required for a particular engine operating condition. An evaluation of 
Eq. (4) for this relationship is shown in Fig. 5 for overall equivalence 
ratios of 0.34, 0.31 and 0.16, which are typical for maximum, cruise, 
and idle power, respectively. Two different lean limits taken from Fig. 
4 are also shown on Fig. 5. The lower value corresponds to levels of 
first stage throughput where S a >_ 0.091 and the higher value corresponds 
to an arbitrarily selected low level of throughput with S a a 0.05. In 
addition, N0 X limits are shown that correspond to the theoretical <j» c for 
each power level that would constrain kinetically controlled thermal N0 X 
(N0g basis) to the target emission index value or 1.0 g NOg/kg fuel. 
These estimates were made using kinetics calculations outlined Refs. 4 
and 5 for a dwell time of 2 ms. 

Thus, for S a >. 0.091 Fig. 5 shows that a fixed air fraction of 
about 0.38 for cooling-dilution would keep the final reaction equiva- 
lence ratio (<j > c ) above the lean limit and the N0 X below the target emis- 
sion level for all power conditions. On the other hand, reduced first 
stage throughputs result in values of 4 > c l that require amounts of 
cooling-dilution fraction that, if fixed,' would be excessive for N0 X 
control at the higher power levels; for example, X = 0.62 with S a -- 
0.05. 

From the foregoing discussion and a further inspection of Figs. 4 
and 5, four distinct schemes for system operation can be defined and are 
shown in Table 2. Scheme (1) would provide the greatest enhancement of 
lean-burning combustion margin. But scheme (2) might also be used if 
processing only a portion of it would be adequate. Scheme (2) would be 
simpler to implement because a variable fuel-split control is probably 
easier than a variable air split control, although compressor bleed 
might also be needed at low power to throttle system air mass flow while 
maintaining combustion stability. An optimized system which would re- 
quire minimal variable geometry or compressor bleed control would uti- 
lize a first stage throughput corresponding to S a a ~ 0.10. 
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Table 2. Comparison of two-stage operational schemes. 


Operational Scheme 

Air Split 

Fuel Split 

Advantage 

1. All fuel through 
first stage 

Variable 

Constant 0 100% 

Greatest lean- 
burning 
enhancement 

2. Constant air split 
to first stage 

Constant 

Variable 

Simpler control 

3. Parallel the lean 
limit line 

Variable 

Variable 

None 

4. Constant fuel split 
to first stage 
« 100%) 

Variable 

Constant 

None 
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SECTION III 

EXPERIMENTAL VERIFICATION 


A. HYDROGEN ENRICHMENT 


1. Description of Experiments 


It was deemed important to establish the basic benefits of Hg en» 
richment as the first step in the overall process of experimentally ver- 
ifying the utility of the two-stage combustion concept.^ The rationale 
for expecting the significant eomnustion enhancement with admixtures of 
Hg and jet fuel is described in Refs. 4 and 5 along with interim experi- 
mental results. These results showed that the targeted ultralow emis- 
sion levels could be achieved simultaneously, but that the proportion of 
Hg required (10-12 mass ft in the total fuel) was greater than the maxi- 
mum theoretically available from a partial oxidation precombustion stage 
(~ 6ft). It was concluded from those results that improved premixing 
(Hg, jet fuel, and air) was necessary to decrease the Hg requirement. 


Subsequent modifications to the JPL MOD 2 burner resulted in the 
version shown in Figs. 6 and 7 described below. Pertinent design para- 
meters are summarized in Table 3. Although the burner was not intended 
to be a scale version of the G. E. CF6-50 combustor, analogous design 
parameters for a production version are shown for reference. The exper- 
imental burner has about 4ft of the mass throughput and about 40ft of the 
combustion space rate of the engine combustor. 


For testing, the burner is housed within a heavy-walled pressure 
vessel which also serves as a plenum chamber for a preheated inlet-air 
supply. (See Ref. 5 for a description of the test facility.) The 
burner is designed to utilize 100ft of the air flow in the combustion 
process; thus air film cooling and air dilution, which are normally used 
in an engine combustor, are omitted. In this way, combustion effects 
from air injection are avoided during concept evaluation. The cylindri- 
cal combustion chamber is water-cooled, as are the inlet/flamoholder 
assembly, sonic exhaust nozzle, and gas sample probe. 4 


The burner is intended to operate with a near-homogeneous fuel /air 
mixture. Premixing is accomplished in the mixing duct. The interfacial 
component between the combustion and premixing zones is an axi symmetric, 
combination step/bluff-body flameholder. A torch igniter provides igni- 
tion but is inacative once steady burning is obtained. 


i 


^Hydrogen enrichment of jet fuel can be considered to be a combustion 
enhancement scheme distinct from the two-stage combustion concept if 
the Hg is available as a second fuel. 

3 It was expected that a similar Hg proportion of the total combustibles 
would be required to achieve similar suppression of flammability limits 
regardless of the proportion of CO and jet fuel, since CO and jet fuel 
have similar lean flammability limits on an equivalence ratio basis. 
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Figure 6, HOD 2M research combustor installed in burner 
housing. 
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Table 3. JPl Hod 2M combustor design conditions and comparison with 
typical production engine burner.® 


Specification item 

Mod 2 burner^ 

Engine burner b 

Air total pressure 

3.04 MPa (30 atm) 

3.04 MPa (30 atm) 

Air total temperature 

811 K (1400 R) 

821 K (1477 R) 

Air flow rate 

4.5 kg/s (9.8 lbm/s) 

103.4 kg/s (228 lbm/s) 

Chamber reference 
velocity 

18.3 m/s (60 ft/s) 

25.9 m/s (85 ft/s) 

Chamber dwell time 
(no recirculation) 

5.0 ms 

2.6 ms 

Chamber L/D (shape) 

1.7 (cylindrical) 

3.0 (annular) 

Combustion length 

30,5 cm (12.0 in.) 

34.8 cm (13.7 in.) 

Combustion space rate c 

0.88 x 10 b 0/hr-m 3 -N/m 2 
(2.4 x 10 6 /hr- 

ft 3 -atm) 

2.2 x 10 6 J/hr-m 3 -N/m 2 
(5.9 x 10 6 Btu/hr- 
ft 3 -atm) 

Combustion equivalence 
ratio 

LBO < * 0 < 1.0 

> 1.0 

Overall equivalence 
ratio 

LDO < 4> 0 < 1.0 

0.34 

Air split for cooling 

N. A. 

m 

Air split for dilution 

N. A. 

38% 

Premix reference 
velocity 

157.8 m/s (518 ft/s) 

N. rt. 

Premix Mach number 

0.28 

N. A. (0.27 at 
compressor discharge) 

Premix dwell time 

1.4 ms 

N. A. 

Premix length 

22.3 cm (8.8 in.) 

N. A. 


°G.E. CF6-50. Data from Ref. 12. 

b Takeoff conditions. 

c At overall equivalence ratio = 0.34. 
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Fuel In.ioction/Prem ix Section. As Is seen from Fig. 6, premixing 
Is carried out vi a a coaxial flow scheme where the fuels are Injected at 
the bell mouthed entry to a 5.25«cm (2.07-1n.) diameter straight cylin- 
drical duet, 10.16 cm (4.0 in.) long. The flow area provides a space 
velocity of about 140 m/s (460 ft/s) *or the cruise power condition. 

This results In a residence time for premixing of about 1.6 ms from the 
Injection plane to the flameholder exit plane. 

The fuel injector is a JPL-fabneated device designed to inject 
liquid jet fuel and either gaseous Hg or a simulated partial oxidation 
product gas into the air stream from injection tubes arranged to provide 
a near-uniform initial distribution of fuel over the cross section of 
the mixing duct. Figure 8 shows photos of the injector assembly with 
both the Mg/JP and gas/OP versions of the injector head. The H?/JP head 
was used throughout the hydrogen-enrichment experiments reported here. 

The Hg/OP injector head utilizes 15 pairs of coaxial tubes as 
shown in Fig. 8(c). The jet fuel is injected from the Innermost tube of 
each pair and the hydrogen is injected from the annulus between the 
inner and outer tubes. The inner tube is 2.11-mm (0.083-in) O.D. with a 
0.25-mm (0.010**1 n) wall thickness and the outer tube is 3.18-mm (0. 125- 
in) O.D. with a 0.25-mm (0. 010-in) wall thickness. The exit end of each 
pair of tubes is located approximately at the throat station of the 
bell -mouthed entiy. This positioning of the injection tube ends, com- 
bined with an appropriate location of the conical surface of the In- 
jector head, provides an arrangement where the fuels are injected into a 
region of near-axial air flow. Turbulence and recirculating flows are 
thus deliberately avoided in the mixing duct in order to reduce flame 
holding tendencies under the high temperature and pressure of the inlet 
air. 


Atomization of the liquid-fuel streams is accomplished by re- 
versing the usual scheme for pressure atomizers where high-velocity fuel 
is injected into low-velocity air. In the present scheme, advantage is 
taken of the high-velocity air which is required for short premix resi- 
dence times, and the fuel is injected at low velocities: of the order 

of 3 m/s (10 ft/s). Thus a large velocity gradient is available for 
fuel atomization, and a volume mean drop diameter of ~ 25 pm is pre- 
dicted using the Nukiyama-Tanasawa correlation (Ref. 13). The coaxial 
arrangement of the injected flows and the near-axial air flow also re- 
duces the sensitivity of the fuel distribution to variations in flow 
rates as operating conditions are varied. 

The improvement in premixing performance of this coax injection 
scheme relative to the previously used pneumatic atomizer which was 
located at the entrance to the same air-inlet bellmouth (Ref. 4 and 5) 
was evaluated in ancillary cold flow tests with both injectors at fixed 
flow rates under ambient temperature and pressure conditions. Water was 


^In order to reduce the effects of cooled walls on emissions and blowout 
limits, the cooling system was designed to maintain a relatively high 
(~ 810 K) (1000°F) gas-side wall temperature. 
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Figure 8(b). Separable coax injector 

qas fuels (cont.). 



>arable coax injector for JP5 with neat H 2 or sinulate-J 

; fuels (cont.). 




substituted for the jet fuel. The tests were conducted by sampling the 
flow at the median radius of six equal -area annuli across the flow area 
of a 20.3-em (8.0-in.) long, 5.08-cm (2.0-irn) diameter transparent 
mixing duct. The distribution of the water (with air flow, but without 
Hg flow) was measured by simultaneous collection of the samples from 
individual probes in graduated beakers. The distribution was obtained 
(also with air flow, but without water flow) by collecting the individual 
samples of H 2 /air mixture in low pressure sample bottles and subsequent 
inass spectrometer analysis of the samples for Hg concentration. 

The samples were taken with the entrance tips of a six-point probe 
located just inside the exit end of the mixing duct. Each annular flow 
area was sampled at two circumferential positions by rotating the probe 
assembly 180 degrees between samplings. The results of these tests are 
shown in Fig. 9 which also contains photographs of the mixed flow as it 
appeared at the exit of the transparent mixing duct for each injector. 

The sampling probe was normally supported by the flange but was not in 
place for these photographs. 

The bars in Figs. 9(a) and (c) show the range of normalized devi- 
ation of the quantities of sampled components for the two sample posi- 
tions within each of the six equal areas for the pneumatic and coax in- 
jectors, respectively. The most striking differences are the reduced 
spread of the deviations of both components in each increment of area and 
the improved uniformity of the H 2 distribution over the entire duct area 
with the coax injector. The water distribution across the duct with the 
coax injector is still considerably less uniform than the H 2 but is im- 
proved over that for the pneumatic atomizer injector. The standard devi- 
ation (ct) of the sample sets (one set of 12 samples for each injected 
component for each injector) as shown on Figs. 9(a) and (c) is a semi- 
quantitative measure of the foregoing observations, where a wa ter was re " 
duced from 44% to 35% and op was reduced from 41% to 12%. 

Combustion Chamber Ini et/Flameholder Assembly . The design criteria 
adopted for the combination step/bluff-body flameholder (Figs. 6 and 10) 
were to keep the mixture velocity through the annular flow area around 
the 7.62-cm (3.0-in.) diameter, semi-ellipsoidal centerbody equal to the 
approach velocity from the mixing duct, and to direct the mixture flow 
so as to establish roughly equivalent flameholding recirculation zones 
behind the annular step and the centerbody. Thus the premixed reactants 
are introduced to the combustion zone as an axially directed annular jet 
with velocities of the order of 140 m/s (4C0 ft/s), which provides more 
than adequate resistance to flashback yet imposes no more than a rea- 
sonable (for concept evaluation) 7-8% total pressure loss. Communi- 
cation between the inner and outer flameholding zones is provided in the 
wake region behind four 1.27-cm (0.5-in.) wide struts that support the 
centerbody. 

The centerbody and struts are water-cooled over the last 1.27-cm 
(0.5-in.) of length at the chamber end. The cavity in the centerbody 
serves to reduce heat transfer rates to the uncooled portion. The down- 
stream face of the step portion of the inlet assembly is also water- 
cooled. 
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Acoustic cavities of quarter-wave slot configuration are posi- 
tioned around the periphery of the inlet section, adjacent to the 
chamber wall. Half of them are sized for the first tangential acoustic 
mode frequency of the chamber and the other half tuned for the second 
tangential mode. This eavity design was found to be adequate to control 
high-frequency (3-5 KHz) combustion resonance. 


Combustion Gas Sample Probe and Sample Analysis . On-line ana- 
lysis of combustion gas composition was accomplished by means of a 
water-cooled probe, an electrically heated sample transfer line, and 
various gas analysis instruments. Gas samples were analyzed on a dry 
volumetric basis using chemiluminescence, FID, and NDIR instruments for 
N0 X , HC, and CO and C0?» respectively. A paramagnetic instrument was 
used for Og concentration analysis. 

The water-cooled probe is mounted through the exhaust nozzle, as 
shown in Fig. 6, on the centerline axis of the combustor. The choked- 
entry orifice of the probe is located a fixed 30.48 cm (13.0 in.) from 
the face of the chamber inlet assembly and in the subsonic approach flow 
to the nozzle sonic plane. Cooling provided by the choked-entry flow 
and by the water-cooling passages in the probe reduced the temperature 
of the gas-sample stream to less than 478 K (400°F) one meter (3 ft) 
downstream of the probe entrance for all run conditions. 

The total sample from the probe Is transferred to the analysis 
instruments via a heavy-walled, stainless-steel tubing about 91 m (300 
ft) long. The walls of the tubing are heated to 420 K (300°F) with a 
low-voltage ac electrical current. The line is vented to the atmosphere 
at the location of the analysis instruments after a small portion of the 
gas sample is withdrawn for analysis. 


Experimental Procedure and Operating Conditions . The emissions 
data were obtained during runs of 1-to 3-nr duration with constant 
inlet-air conditions typical for a cruise-power setting, nominally 1.18 
MPa (11.6 atm) and 728 K (850°F), except for a few experiments with air 
conditions typical of takeoff power, nominally 3.04 MPa (30 atm) and 811 
K (1000°F). The range of operating conditions for the hydrogen- 
enrichment experiments is summarized in Table 4(a). Because of the con- 
stant area exhaust nozzle, it was necessary to modulate the air mass 
flow rate as the equivalence ratio was varied in order to maintain a 
nearly constant inlet air pressure in the plenum. For that purpose, 
airflow rates were varied from 1.46 to 1.78 kg/s (3.22 to 3.93 Ibm/s) 
and from 3.79 to 4.03 kg/s (8.36 to 8.89 Ibm/s) for cruise and takeoff 
conditions, respectively. 

All experimental data were digitally recorded on magnetic tape and 
subsequently reduced by computer. Each data point was obtained with 
flow conditions held constant until gas analysis, which was continuously 
monitored, indicated steady values. See Appendix C for calculation pro- 
cedures. 
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Figure 9. Cold-flow mixing test results for the coax and 
pneumatic atomizer injectors for H 2 /JP fuels. 
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Table 4. Sunroary of operating conditions. 
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Air and fuel to first stage are calculated values based cn maintaining a constant first stage equivalence ra' 
*As % of inlet air total pressure. 

Lean blowout. 


2. Experimental Results 

Emission results for the cruise-power operating condition are 
shown in Fig. 11 where it can be seen that: 

a. The ultralow emission goals are simultaneously achieved or 
bettered over an equivalence ratio range (based on Hg + ,iet fuel) 
of 0.45 to 0.52 using 4. 7-5. 7 mass % Hg (Hg in total fuel). 

b. The lean blowout limit (LBO) is reduced from an equivalence 
ratio of 0.44 for JP only to 0.39 with 5.5% Hg. 

These data also show that the target emissions are simultaneously 
achievable with JP5 alone in the 0.48 to 0.55 equivalence ratio range 
with the good premixing obtained with the coax Hg/JP injector. However, 
the high level of mixedness produces a high LBO ( 4>LB0 ~ °‘M), and the 
HC and CO levels are very sensitive to equivalence ratio as LBO is ap- 
proached. Addition of the relatively small amounts of Hg used here 
broadens the margin between acceptable blowout stability and acceptable 
emission levels. This broadened margin would be highly significant in a 
full-scale premixed combustor where gross fuel and air maldistributions 
exist. 


The 4. 7-5. 7% Hg used to obtain these results represents better 
than a 50% reduction ’in required Hg from previous results (Refs. 4 and 
5), and is within the range theoretically available from a very fuel- 
rich precombustion stage. 

The results for the takeoff-power condition shown in Fig. 12 were 
obtained in a single run of 40 minutes duration. No evidence of pre- 
ignition was observed while obtaining the data shown in Fig. 12. How- 
ever, while setting the flows for a leaner Hg + JP data point a sudden 
increase in the mixing duct wall temperature occurred followed by a 
burnout in the proximity of the duct-wall expansion for the centerbody. 
This was evidently caused by flow separation at the radius of curvature 
of that transition. This radius was therefore increased when the inlet 
section was rebuilt, but further attempts to operate at the takeoff con 
dition were not made in the interest of conserving the combustor hard- 
ware. 


From Fig. 12, the N0 X emissions are approximately double those for 
the cruise condition at fixed equivalence ratio; however, the higher 
temperature and pressure of the combustion process suppress the typical 
upswing in CO and HC toward leaner equivalence ratios beyond the range 
of data obtained here, so that the trend toward a higher level of the 
N0 X emissions at takeoff might be overcome by leaning out the primary 
zone further. 

The level of CO emissions was approximately the same as for the 
cruise condition, but the HC level was markedly greater. The latter 
result is contrary to the usual trend of decreased unburned HC with in- 
creased combustion temperature, but, since the level is still an order 
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Figure 12. N0 X , CO and HC emissions with and without 
hydrogen. Take-off power inlet-air conditions: fill K 

(1000&F), 3.04 MPa (30 atm). Ho/JP injector. 


3-18 



of magnitude below the HC emission target and is near the limit of 
measurement for the HC analyzer, a rational explanation for the result 

has not been pursued. 


B. SIMULATED-GAS EXPERIMENTS 

1. Description of Experiments 

In order to verify that the lean-burning enhancement and ultra! ow 
emissions obtained from the foregoing experiments with neat-Hg/JP could 
be retained upon substitution of a llg-bearing partial -oxidation product 
gas stream from a fuel -rich precombustion stage, a series of experiments 
were conducted using a simulated partial -oxidation product gas from a 
bottled source. It was expedient to use a simulated product gas in 
order to evaluate combustion properties because a very fuel -rich pre- 
combustion reactor suitable for operation under the inlet air conditions 
of interest in these experiments was not available. 

The JPL MOD 2M combustor previously described (Figs. 6 and 7 ) was 
fitted with the gas/JP version of the fuel injector head (Fig. 8(d)) but 
otherwise was unchanged for these experiments. 

Gas/JP Fuel Injector . The gas/JP injector head (Fig. 8d) is de- 
signed to inject either liqui d jet fuel or fuel gas, or both simul- 
taneously, into the airstream with near-uniform initial distribution of 
flow over the cross section of the mixing duet. The design is func- 
tionally identical to that previously described for the Hg/JP head, ex- 
cept for the addition of fuel gas injection tubes. 

The fuel gas is injected into the airstream from 30 slots [7. 5mm 
(0.297 in.) long x 1.6 mm (0.063 in.) wide] located near the closed ends 
of the five larger tube elements visible in Fig. 8(d), and from the 15 
annular spaces surrounding the jet-fuel tubes. Flow from these latter 
spaces was retained not only to improve the initial distribution of gas 
flow but also to reduce the wakes behind the jet-fuel tubes when jet 
fuel was not used. The closed ends of the gas injector tubes were 
tapered to reduce wakes when gas was not flowing. A long, tapered ex- 
tension of the injector body was used to fill the space at the center of 
the injection array, further reducing circulation regions downstream of 
the injector. 

Since the gas flow from the slots was transverse to the airflow, 
it was necessary to avoid high gas-tc-air momentum ratios in order to 
suppress the formation of wakes by the gas flow and to reduce the sensi- 
tivity of the initial gas dispersion to variations in gas-flow rates. 
Consequently, the slots were sized to provide gas-to-air momentum ratios 
generally less than unity over the range of operating conditions. 

Simulated Product Gas and Feed System. The nominal composition of 
the simulated product gas used throughout the experiments is shown in 
Table 1, where it is also shown to be essentially equivalent to the 
adiabatic equilibrium composition of the products from a reaction at an 
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equivalence ratio of 2.83. This stoichiometry is the theoretical 
optimum for production of Hg without smoke, as was previously discussed. 
Since it was desired to maintain the theoretical Hg content in the 
three-component product gas simulant, small adjustments to CO and fig 
content were made to account for the missing minor constituents of the 
actual product gas. These adjustments were made by combining all the 
inerts as Ng and the CH 4 as CO. 

The three gases were supplied to the combustor rig from individual 
high-pressure storage tube banks* A flow control system consisting of 
pressure regulators and critical flow metering nozzles maintained the 
desired flow proportions over the range of test conditions. The gases 
were combined and thoroughly premixed before entering the fuel injector. 

No attempt was made to preheat the simulant gas prior to injection 
because a heater with adequate capacity was not available. Therefore, 
deficiency in thermal energy existed for the simulant, since the 
adiabatie temperature of the actual product gas is about 1422 K 
(210Q°P). This condition was reflected as a reduced temperature in the 
combustor mixing duct and produced rather dramatic effects on combustor 
blowout limits and emissions. A partial compensation for the thermal 
deficiency and an estimate of the dependency of N0 X emission levels on 
premix temperature was obtained by overheating the inlet air for several 
runs. 


experimental Procedure and Operating Conditions . The emissions 
data were obtained in the same manner as was described for the hydrogen- 
enrichment experiments at the nominal cruise condition except for the 
runs with overheated air. In those cases the air temperature was in- 
creased to approximately 825 K (1025°F), the maximum available from the 
air supply system. Air flow rates were varied from 1.17 to 1.67 kg/s 
(2.57 to 3.67 Ibm/s) in order to maintain nearly constant inlet air 
pressure in the plenum. 

The range of operating conditions for the experiments is sum- 
marized in Table 4(b), which expresses overall equivalence ratio ( 4> 0 ) 
and air and fuel split ratios as if the simulant gas were produced by a 
precombustion stage operating at a constant 2.83 equivalence ratio. As 
seen from Table 4(b), three modes of combustor operation were investi- 
gated: (a) JP5 only, a baseline operating condition; (b) fuel-g?s only, 

a limit mode where processing all fuel through a precombustion stage was 
simulated; and (c) three levels of constant air split, where intermedi- 
ate levels of fuel processing (i.e., precombustion stage throughput) 
were simulated. 

The experimental premix temperatures (TM) shown in Table 4(b) can 
be compared to the predicted TM for actual two-stage operation shown in 
Table 5. Note that for the gas-only condition, increasing the air tem- 
perature (TA) to 825 K (1025°F) still left a deficit of 189-282 K (340- 
507°F) from the actual two-stage prediction for TM. For the smallest 
air split condition (5%), however, the overheated air boosted TM to 
within ~ 30 K (59°F) of the predicted TM. 
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Table 5. 

Estimated premix temperatures (TM) for various two-stage 
operating modes; cruise condition. 



TM, K ( °F) 



Overall 

Equiv. 

Constant Air Split (%) 

All Fuel to 


Ratio 

Uo) 

5 10 15 

First Stage 


0.3 

791 (964) 849 (1068) a 

854 (1078) 


0.4 

a 

892 (1146) 


0.5 

902 (1164) 

927 (1208) 


0.6 


960 (1268) 



a I rival id operating condition. 

Assumptions: 

1. No reaction in premixing section and complete adiabatic mixing. 

2. Inlet air: 1.2 MPa (12 atm), 728 K (850°F). 

3. Constant first stage equivalence ratio « 2.83. 

4. Thermochemical equilibrium product gas composition (Table 1) and 
temperature (1422 K (2100°F)). 

5. Constant specific heats for air and product gas: 

Cp air = 336 J/kg K (0.26 Dtu/lbm°F) 

Cp gas = 529 d/kg K (0.41 8tu/lbm°F) 

G. Temperature effects of liquid fuel evaporation (constant air splits) 
are negligible. 
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Ixperimental Results 


Although the design of the liquid jet-fuel portion of the gas/JP 
injector head was nearly identical to that of the llp/JP head, the pre- 
sence of the five fuel -gas injection tubes and of the centerline fairing 
could alter the mixing of the jet fuel with the air (hence, the emis- 
sions) relative to that for the Hp/JP head. Therefore, new baseline 
emissions data for JP5 only were obtained using the gas/JP injector 
head. These data are shown in fig. 13 where they are compared to the 
baseline curves for the Hp/JP injector previously discussed (Fig. IP), 

A trend for somewhat, higher levels of all emissions is clear for the 
gas/JP injector. The increased NU X together with the reduced <m po sug- 
gest somewhat poorer premixing. 

The N0 X , CO, and HO emission results for the fuel-gas experiments 
are summarized as a function of overall equivalence ratio in Figs. 14, 
lb and lo, respectively, where they can he compared to the baseline 
emissions (dashed curve) for the combustor when fueled with JPh only. 

The baseline data are omitted to reduce congestion of the figure. Data 
ft’, standard /PH K (HBOT) Inlet air arc shown with unf lagged symbols 
ano data for the overheated (PPh K or 10?5°F) inlet, air are shown with 
flagged symbols. Fmission index and overall equivalence ratio for the 
fuel -gas data are presented as if the combustor were operating as a two- 
stage system (see Appendix C for calculation procedure). Therefore, the 
fuel -gas data can be directly compared with the JP5-only data, except 
for the premix temperature effects. The equivalency of this comparison 
from a reaction chemistry viewpoint was consistently verified throughout 
the experiments by standard chemical balance techniques using the 
measured input flow rates and the measured composition of the exhaust 
gas. Agreement well within +10" was generally observed. 

When the combustor was operated with the fuel gas under the stan- 
dard air temperature condition of /PH K (10Ph‘T), N0 X emissions (Fig. 

14) were dramatically lowered from the baseline operation with JP5 only, 
mainly because of the reduction of mixture temperature and hence com- 
bustion temperature. In order to establish a normalization factor for 
this temperature effect, the N0 X results from fuel -gas-only runs with 
overheated air (8PB K or 10Pl' n l ) were used to quantitatively estimate 
the temperature dependency. The form of the. normalization factor was 
suggested by results reported in Ref. 14 and by the essentially parallel 
trend lines for N0 X under the hot and cold mixture condition as evi- 
denced by the. two lower trend lines in Fig. 14. The temperature depen- 
dency derived was FINO x 10 x where x is TM/Pb/ with TM in kelvins. 

Thus to estimate N0 X levels that would lie obtained in a true two-stage 
system with predicted TM as shown in Table f>, the following expression 
was used: 


(TM| r TM c )/Ph7 

(! INO x ) normalized “ 0-INO x ) measured x 


whore T Mj j -• predicted TM and TMq •- experimental TM. 
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The result of applying the above equation to the measured N0 X data 
for all of the fuel -gas runs is shown by the crosshatched envelope in 
Fig. 14. Although the necessity for the extrapolation may lessen the 
accuracy of these results, two considerations are believed to lend cre- 
dence to the position of the envelope below the 0P5 baseline curve. The 
first is the enhanced premixing effectiveness associated with the use of 
the gaseous fuel and the second is the complete absence of nitrogen in- 
termediates in the fuel -gas because it was not produced chemically. 

Perusal of the lower equivalence ratio portions of Figs. 15 and 16 
shows that the CO and HC emission trends as well as LBO were also 
dramatically affected by the premix temperature when fuel gas was used. 
With the standard TA of 728 K (850°F), the onset of rapid increase of CO 
and HC emissions (indicating approach of LBO) and <j>Lgo were improved 
markedly relative to the JP5-baseline data. These improved lean burning 
combustion characteristics are a central argument for the two-stage 
concept. 

A quantitative correlation of these results with TM in the opera- 
ting region where CO and HC emissions are changing rapidly has not been 
derived. However, the trend of the results suggests that further im- 
provements in ultralean burning characteristics would occur for the 
higher levels of fuel -gas throughputs if TM were equivalent to the pre- 
dicted two-stage values. 

At the higher equivalence ratios, a small but consistent increase 
in CO and HC emission levels was observed for the fuel -gas runs when the 
inlet air temperature was increased (Figs. 15 and 16)* A rational ex- 
planation for this apparently contradictory trend has yet to be found. 

Interestingly enough, the <|>igo °f 0.386 for the 5% air-split case 
with TMq « TMq (overheated TA), where total combustibles were 2.2% Ho, 
nearly duplicates the previously established lbq for neat Hg/JPB with 
5.5% H 2 * This suggests that substantial overall combustion enchance- 
ment could be realized without processing all the fuel through the pre- 
combustion stage of a two-stage system. This mode of operation is an 
important design option because, in principle, it eliminates the need 
for variable air split and requires only a variable fuel split to main- 
tain a constant first stage equivalence ratio, a potential reduction in 
complication of two-stage combustor design. The result also suggests 
that a somewhat leaner burning precombustion stage could be employed 
which would alleviate sooting and flame stability problems with ultra- 
rich combustion. 

In summary, the results of the simulated product gas experiments 
suggest that, relative to premixed single-stage (JP-only) combustion, 
use of a very fuel-rich precombustion stage to precondition a large por- 
tion of the fuel, combined with effective premixing before final combus- 
tion, would significantly improve the margin of combustion while main- 
taining ultralow emission levels. The results also show that the basic 
benefits of H 2 enrichment in extending lean burning limits and providing 
for ultralow emissions are retained and probably improved by implementa- 
tion via two-stage combustion. 
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RICH-BURN STUDIES 


C. 

The rationale of staged combustion for minimizing NOy emissions as 
discussed above relies heavily on implementing well -control led partial 
oxidation of the fuel. However, very fuel -rich combustion is still 
poorly understood and the dearth of experimental information leaves sub- 
stantial gaps in the data on fuel-rich combustion. Consequently, a 
series of laboratory-scale experiments designed to characterize the 
critical equivalence ratio U c )> which is the highest for which the 
fuel /air mixture can be burned soot-free, and the amount of hydrogen 
produced as a function of <t, was conducted. N-heptane (Ref. 15), n- 
octane, n-nonane and iso-octane were investigated using a laminar flow 
burner, while JP5 was investigated using a turbulent burner. 

1. Laminar Burner Experiments 

Metered flows of vaporized liquid fuel and air, which were thor- 
oughly premixed, were burned in a laminar-flow flat-flame burner (Fig. 
1/). The products of combustion, which contained hydrogen, passed up a 
glass chimney and exited to the atmosphere. The chimney prevented any 
secondary air entrainment and made possible a precise determination of 
The product gas composition was analyzed by an on-line gas chromato- 
graph. In a typical data sequence, Up concentrations would be measured 
as a function of <|> until sooting was visually observed. The highest 
value of <j> which burned soot free was recorded as «|> c . A more detailed 
description of the experimental system has been presented in Ref. 15. 

figures IB, 19 and 20 show data on hydrogen production as a func- 
tion of the equivalence ratio for n-heptane, n-octane, and n-nonane, re- 
spectively. (Hydrogen yield for iso-octane fuel was not obtained in 
these experiments.) Also shown on the figures are the equilibrium 
hydrogen concentrations at the adiabatic flame temperature and the ex- 
perimentally observed to* 

Actual hydrogen yields were -1 0 vol% and showed only a weak depen- 
dence on t* Computed equilibrium hydrogen concentrations were always 
greater than the measured values. For example, the predicted equili- 
brium Up concentration for n-octane is 15.0 vol% at t - 1.98 compared to 
the observed 10 vol%. The difference between the measured and predicted 
hydrogen concentrations is attributed to heat losses to the burner sur- 
face, which lowers flame temperature and subsequently lowers Mg concen- 
trations. As seen in Fig. 18, there is a drop in Hp yield for '^>2.0 
with n-heptane fuel. This was due to the presence of a metal plate in- 
serted in the post flame zone to alter the flow field and prevent the 
formation of flamelets associated with incipient sooting (Ref. 15 and 
15). It seems reasonable to assume that the lower Up yield at <j»>2.0 is 
due to the additional heat losses to the plate and the further reduction 
of the temperature of the product gases in the post flame zone. N- 
heptane was the only fuel where the metal plate was used to extend * r 
(Ref. 15). C 

For all these fuels, the predicted equilibrium lip concentration 
decreases as the fuel molecular-weight increases so that, in one sense, 
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Figure 17, Schematic of flat-flame burner. 
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the efficiency (defined as the observed Mg coneentration/equi librium Mg 
concentration) of this Mg generation scheme appears to Increase as the" 
fuel molecular-weight approaches the jet fuel range. It is emphasized 
that thorough premixing of the fuel /air mixture is essential to achieve 
these results. 

A chart tabulating critical equivalence ratios for the paraffin- 
series fuels tested is shown in Table 6. It is interesting to note 
there is only about a 10% variation in $ e for these fuels, but this 
trend has not yet been verified for other fuel families (i.e. alkyl- 
benzenes). The values of $ c presented in Table 6 for n- and iso-octane 
are higher than those reported by Street and Thomas (Ref. 17), who re* 
ported values of 4> c ° 1.40 and 1.45 for n- and iso-octane, respectively, 
however, Street and Thomas refer to burning "mists" of hydrocarbon fuels 
and air in their experiments. If, in fact, the fuel was present as 
small droplets rather than a thoroughly premixed fuel /air mixture then 
the burning would not be premixed but diffusive in nature which would 
account for the lower value of $> c . For further comparison, Blazowski, 
et al. (Ref. 18) has reported a value of $ c D 1.70 for premixed Iso- 
octane/air mixtures burned in a jet stirred reactor. 


2. Turbulent Burner Experiments 

Although the flat-flame burner is attractive for laminar- flame 
studies, its utility as a prototype precombustion stage is limited. 

This is due to the inherently low mass throughput associated with this 
type of burner. The only way to increase the mass throughput while 
maintaining laminar flow is to increase the burner size. This is an 
unattractive feature for staged-combustor applications. Consequently, a 
turbulent-flow burner was constructed for the investigation of the rich- 
burning behavior of JP5 fuel. 

A schematic of the turbulent burner is shown in Fig. 21. As in 
the laminar burner, liquid-hydrocarbon fuel (JP5) and air were thor- 
oughly premixed and the fuel vaporized in a heated mixing section. 
Typical Reynolds numbers of the mixture in the mixing section were in 
the range of 6000-10,000. The mixture was then ignited and the combus- 
tion products, which contained hydrogen, passed up the chimney. As be- 
fore, the outside chimney reduced secondary air entrainment. The inner 
chimney further excluded secondary air and provided some flame stabili- 
zation. The product gases were sampled by a water cooled probe and ana- 
lyzed by a gas chromatograph to determine Mg concentration. Two dis- 
tinct classes of flameholders were used in these experiments: wake pro- 

ducing devices (bluff bodies and V-gutters) and swirlers. Qualita- 
tively, both classes worked equally well; furthermore, among the wake 
producing devices, there was no apparent difference in rich-flame stabi- 
lity (at $ ~ 2.0) between V-gutter and bluff body stabilized flames. 

This is in general agreement with the observations of Ozawa (Ref. 19), 
who presented data showing that the flame stabilization capability of a 
variety of wake producing shapes (V-gutters, cones, disks, etc.) was 
only a weak function of flameholder geometry for equivalence ratios from 
0.4 to 1.6. For all of the data presented below, a vane type swirl 
flameholder (S ~ 0.7) (Ref. 20) was used. 
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Table 6. Critical equivalence ratios for hydrocarbon fuels, laminar 
burner. 


Fuel 

Formula 

$c 

n-heptane 

c 7 h 16 

2.17 

n-octane 

CgHie 

1.98 

iso-octane 

c 8 h 18 

1.94 

n-nonane 

C9 m 20 

2.16 
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Figure 21. Schematic of turbulent burner. 
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Using the turbulent burner, the sooting equivalence ratio of JP5 
was established at 4> c c 1.96-1.99, the variation probably due to the 
fact that JP5 is a mixture of various hydrocarbon fuels. Experimental 
data on H 2 production for OPS fuel is shown in Fig. 22. In this experi- 
ment the equivalence ratio was fixed at <j> = 1.92 and the hydrogen pro- 
duction as a function of fuel /air mixture temperature was measured. As 
seen in Fig. 22, the Hg concentration increases as the temperature 
increases up to a value of 811 K (1000°F). Beyond this point, there is 
no measurable H 2 increase. This same trend was observed for a variety 
of inner chimney dimensions, and equivalence ratios. As seen in Fig. 

22, H 2 yields varied from 6.5 to 7.2 vol% while equilibrium yields (not 
shown) varied from 11.67 vol% at 644 K (699°F) to 11.4 vol% at 811 K 
(1000°F). Visual observation of the swirl stabilized flame indicated 
that the flame stability increased as the inlet mixture-temperature 
increased. From a design standpoint, it is clear that the fuel /air mix- 
ture should be preheated as much as possible before ignition to maximize 
hydrogen production and flame stability. 

The variation of H 2 production as a function of residence time, x, 
is shown in Fig. 23. A small increase in H 2 yield is observed as x in- 
creases from 2.3 x 10“ 2 s to 6.4 x 1Q“ 2 s. In these experiments, the 
inlet mixture temperature was 811 K (1000°F) and the equivalence ratio 
varied slightly from <J> = 1.96 to 1.99. It is assumed that the effects 
of the small changes in equivalence ratio are negligible. The residence 
time was calculated from x = H/u where X . is the distance from the 
swirl er exit plane to the probe and u - m/pA is the mass averaged axial 
velocity, with m the total inlet mass flow rate (fuel and air), p the 
mean product gas density calculated from adiabatic equilibrium condi- 
tions, and A the flow area of the inner chimney. Typically, X ~ 7-20 cm 
(2.76-7.8 7 in.), rn ~ 1.75 gr/sec. (3.86 x 10" 3 Ibm/s), A ~ 28.3 cnv- 
(4.39 in. 2 ), and p ~ 1.53 x 10" 4 gr/crn 3 (9.55 x 10~ 3 lbm/ft 3 ) at p = 
0.101 MPa (1.0 atm), and T = 1950 K (3050°F). It is recognized that the 
residence time presented here is not a unique choice since the time 
spent in the recirculation zone is neglected. However, since this data 
is gathered at nominally fixed values of 4> and m, the time spent in the 
recirculation zone is approximately constant so that including recircu- 
lation would change x only by a constant and the trend of H 2 yield 
against x would be the same. From the data, it appears that the pro- 
duction of soot-free molecular hydrogen is favored as the residence time 
in the post-flame zone is increased. 


3. Conclusions From Rich-Burn Studies 

Based on the data presented, the following conclusions are drawn: 

a. The sooting equivalence ratios for the paraffins n-heptane, 
n-octane, iso-octane and n-nonane have been measured on a flat 
flame burner. The measured values are comparable to or greater 
than those observed by previous investigators (Ref. 17 and 18). 

b. Hydrogen yields for these paraffins (except for iso-octane) 
have been measured and are typically 10 vol%, showing little 
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Figure 22. Hydrogen production vs. inlet 
mixture temperature, OPS fuel. 
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dependence on equivalence ratio. This is lower than the value 
predicted by equilibrium thermodynamics for the individual fuels 
tested. The discrepancy is attributed to heat losses to the 
burner surface which lowered flame temperatures and lowered Wo 
yields. 


c. The sooting equivalence ratio for JP5 is 1.96-1.99 
measured on turbulent burner. This value is only weakly dependent 
on flame-stabilizer geometry. 

d. Hydrogen yields measured on the turbulent burner for JPG 
fuel were typically 6-7 vol%. There is a slight but measurable 
increase of Hg yield as the inlet fuel /air mixture temperature or 
residence time in the post flame zone is increased. 
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SECTION IV 
CONCLUDING REMARKS 


A partial oxidation staging concept for broadening the combustion 
margin between ultralow emissions and the lean stability limit for gas 
turbine combustion has been described and elements of its experimental 
verification have been accomplished. While the practical feasibility of 
the concept was not verified because a complete two-stage combustor was 
not operated, the following conclusions can be stated from results to 
date. 


1. Ultralow levels of N0 X , CO, and HC emissions can be achieved in a 
premix combustor using JP5 only, but for simultaneously minimized levels 
of all three species very little combustion margin remains. This lack 
of margin would be very significant in an engine combustor where large 
mixture ratio variations are present due to nonuniform airflow distribu- 
tion from the compressor. 


2. Admixtures of neat H 2 with conventional JP5 jet fuel provide a 
significant extension of trie lean blowout limit. The proportion of H 2 
in the total combustibles required to achieve ultralow levels of emis= 
sions simultaneously with the extended lean limits is within the theor- 
etical capabilities of a very fuel -rich partial oxidation process. 


3. Use of a very fuel-rich precombustion stage to precondition a 
large portion of the fuel, combined with effective premixing of all 
reactants before final combustion, would permit the retention, and pro- 
bably the enhancement of the basic benefits of H 2 enrichment. 


4. Soot production is likely to be a major obstacle to operation of a 
precombustion stage beyond an equivalence ratio of 2.0. However, the 
results from the experiments with the simulated product gas from a 
reaction at <j> = 2.83 suggest that somewhat leaner precombustion could be 
employed to provide substantial enhancement of the final combustion. 
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APPFNDIX A 


FUFL N0 X CONSUMMATIONS 


A. INTRODUCTION 

In the future, it is likely that alternative liquid fuels derived 
from Goal or shale syncrudes will supplement existing petroleum-based 
fuel stocks for gas turbines. Minimally processed fuels refined from 
syncrudes will differ from their petroleum derived counterparts in 
physical properties and in chemical makeup. Generally speaking, the al- 
ternative fuels will be less volatile and will contain loss hydrogen and 
a greater amount of fuel -bound nitrogen. These differences can have 
significant impact on gas turbine combustor performance from an environ- 
mental standpoint. 

Lower volatility and reduced hydrogen content will tend to in- 
crease the emissions of HC, CO and smoke from the turbine combustor, hut 
those fuel characteristics probably can be accommodated by conventional 
combustor development approaches. Fuel-bound nitrogen, on the oth«»r 
hand, is not easily accommodated since combustion chemistry less amen- 
able to control is involved in the conversion of fuel nitrogen to N0 X . 
Moreover, the production of so-called fuel N0 X tends to bo additive to 
the thermal N0 X that is already a problem in gas turbine combustion. 

Recently published data (Ref. A-I) shows that coal derived fuels 
emit up to twice as much N0 X as conventional No. 2 distillate oil when 
burned in a scale model of a stationary gas turbine. The same data also 
shows that the amount of N0 X increases with increasing nitrogen content 
in the liquid fuel. Similarly, increased levels of N0 X have been re- 
ported in experiments where shale-derived jet fuels were burned in full 
size gas turbine combustors (Refs. A-2 and A-3). These studies empha- 
size the continuing need for the development of new combustor design 
technology for the reduction of N0 X to environmentally acceptable 
levels. 


The following sections will expand the idea of two-stage com- 
bustion to include its application for reducing both fuel and thermal 
N0 X . Section B will review the two-st.age strategy and summarize what 
previous work may be of use in this particular application. Sections C 
and D will focus on the chemical processes in the first and second com- 
bustion stages, which are the heart of N0 X reduction. 

B. TWO-STAG F RICH/LEAN COMBUSTION 

As discussed in the main text of this report, staged combustion 
would employ two stages of reaction. In the first stage, premixed fuel 
and air would be partially burned under fuel-rich conditions, with the 
equivalence ratio being as high as possible without producing soot. The 
soot-free requirement limits the first-stage equivalence ratio to a 
maximum of ~2.8, depending on the fuel; i.e., for <f> > 2.8 equilibrium 
considerations predict soot in the combustion products. If equilibrium 
is attained at 4> ~ 2.8, the products of this partial oxidation stage 
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would ho (by volume) II? 23".) , CO(~ ?5ft), and noneonhust ibles such as 
C0?(~ 0.b%)‘, Hj?0(« 0,f$) and N?(<« hi"). This hot product mixture would 
then he mixed with additional air and burned to completion in the second 
stage under fuel -lean conditions. 

Processing the fuel through a fuel -rich combustion stage has 
specific advantages from the standpoint of emission control. First, the 
Hp-content- and the hot, fully gaseous state ef the product gas extend 
the lean limit and increase the mixing and combustion rates for final 
combustion. These benefits enhance the stability margin available for 
reduction of thermal N0 X while retaining low HC and CO emissions as is 
discussed in the main body of this report. 

Second, premixed, fuel -rich reactions suppress the formation of 
nitrogen-bearing intermediate compounds involved in the generation of 
fuel N0 X . from a combustion performance standpoint, their role is not 
large since their concentrations (generally less than 1") are small, 
from an environmental standpoint, the importance of these compounds is 
immense. The breakdown of the fuel and fuel bound nitrogen into chemi- 
cally active species that react to form intermediates that ultimately 
become final products (including pollutants) is further discussed in 
Section C. 

Successful implementation of two-stage combustion could effec- 
tively decouple the properties of raw turbine fuel from the final com- 
bustion process, giving the combustor greater fuel flexibility. In the 
future, when a wide variety of fuels may have to be burned in the same 
combustor, this is a further distinct advantage. 

The individual concepts used in the formulation of the two stage 
combustion strategy such as hydrogen production by rich, thermal 
part ial-oxidat ion, soot -free rich burning, combustion of premixed 
air/lfp/CO mixtures at < O.o, and hydrogen enrichment for lean-blowout 
limit* extension have been at least partially demonstrated in the work 
discussed in this report. Also, a two-stage combustor similar in con- 
cept to t ho one described above , but burning methane fuel, has been pre- 
viously built (Ref. A-4). In this combustor, however, the fuel and air 
were not completely premixed, and thorough premixing of fuel and air 
should extend the sooting equivalence ratio (see Section III C of this 
report) and lower the concentration of certain pollutant-related 
chemical species (Ref. A-4). 


C. FIRST- STAG F RICH COMBUSTION 

Many investigators have studied various aspects of pollutant 
species formation during rich burning. Studies covering premixed (Ref. 
A-4 - 14) and diffusive systems (Ref. A-4, it, 12, 15 - i 7), laminar 
(Ref. A-b - 11, 13, 14), turbulent (Ref. A-4, 8, 12, 15 - 17), catalytic 
(Ref. A-B, IB) and shock tube (Ref. A-ld) systems, both with and without 
fuel nitrogen (Ref. A-4 - IB), have been reported in the literature. 

Our purpose here is to establish the important species that contain fuel 
nitrogen and the effects of the combustion environment, on these species. 


During fuel -rich combustion, one of the first processes to occur 
is pyrolysis. Generally speaking, the pyrolysis of hydrocarbon fuels is 
complex, in some cases involving thirty distinct chemical reactions 
(Ref. A-19). The primary result of pyrolysis is that the nitrogen- 
containing ring structures in the fuel fracture and form free radicals 
such as NH, NHg, NH3 (usually denoted NH-j ) and hyd; ocarbon fragments CH, 
CHg, ... (or more generally CH X ) (Ref. A-20). These highly reactive 
species undergo further chemical reaction as the mixture passes through 
the reaction zone. 

Typically, the major chemical species in combujuion products are 
measured directly by sampling the products with a probe. The composi- 
tion changes as the probe position moves further downstream. The major 
species include Ng, HgO, COg, Hg, CO (Ref. A-15); the exact percentages 
varying with combustion conditions and fuel type. Pollutant related 
species generally occur in low concentration (< 1 %), but are important 
nonetheless. The species usually measured include NO, NOg, HCN, various 
hydrocarbons and HN3 (Ref. A-4 - 7, 9 - 12, 14 - 18). 

In the literature dealing with pollutant formation during the rich 
burning of hydrocarbon fuels (with and without fuel nitrogen), the main 
components of interest are NO, NH3, and HCN (Ref. A-4 - 7, 9 - 12, 14 - 
21). These species play an integral role in N0 X formation from fuel- 
bound nitrogen and have been observed under all types of rich-combustion 
conditions (diffusion and premixed burning, laminar and turbulent flow, 
etc.). The exact chemical kinetic steps involved in the formation and 
destruction of NO, NH3, HCN, etc. are still a matter of controversy, but 
it is clear that the kinetics are complicated (Ref. A-5 - 17, 21, 22). 
Published studies routinely include 15 species and 15 to 20 reactions; 
in one extreme case, 28 species and 120 reactions (Ref. A-8, 16, 17). 
Because of the existing uncertainty regarding the theoretical formation 
of pollutant-related species, we will focus our attention on the results 
of experimental studies in this discussion of prior work. By looking at 
the general trends of reported experimental work we can develop a 
rational strategy to minimize N0 X emissions. 

We begin by examining NO, an important pollutant specie. In the 
reaction zone where temperatures are highest, NO is rapidly formed. Not 
surprisingly then, in flames where the temperature is the highest (i.e., 
around stoichiometric equivalence ratio), much NO is formed (Ref. A-23). 
For hydrocarbon fuels without fuel nitrogen, this behavior is well docu- 
mented; as <}> increases to ~1, NO increases and, for <j> > 1 , NO de- 
creases, becoming quite low beyond 4> > 1.6 (Ref. A-4 - 6, 9 - 12, 15 
- 18). For fuels containing fuel nitrogen, the general trend is the same 
but the peak at <|> = 1 is very broad extending from <(> = 0.8 to 1.4. How- 
ever, beyond 4> = 1.6, the NO formed is again very small, typically < 50 
ppm. This behavior has been noted under widely varying combustion con- 
ditions from laminar premixed flames to turbulent diffusion flames. 
Suffice it to say that for hydrocarbon fuels with and without fuel ni- 
trogen, burning at equivalence ratios richer than 1.6 is an effective 
way to suppress NO formation. 

NO production also varies with residence time at a fixed equiva- 
lence ratio. The concentration of NO increases rapidly in the immediate 
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post flame zone, typically on a time scale of % 2-6 ms (Ref. A-5, 6 , 9 
- 11 , 13, 14, 16, 17), perhaps decreasing slightly for x > 10-12 ms. 
These time scales were observed for laminar flat flame burners; tor tur- 
bulent burners the NO concentration behavior is qualitatively the same, 
but with these burners it is difficult to make exact estimates of resi- 
dence time. The principal feature is that after some time in the post 
flame zone, the NO concentration stays approximately constant or slowly 
decreases. 

The next most important pollutant-related chemical specie is HCN. 
For hydrocarbon fuels (with and without fuel nitrogen), the formation of 
HCN is definitely favored as <i> increases to - 1.7-1. 8 . For <j> > 1.8 
there is little data, and what data exists indicates that HCN formation 
falls off, becoming very low (i.e., < 25 ppm) around $ - 2 (Ref. A-5, 9, 
14, 16 - 18). 

The production of HCN as a function of residence time shows a dis- 
tinctly different behavior than that of NO. Peak concentrations of HCN 
(which are comparable to or greater than those of NO) occur quickly in 
the post flame zone. These times are usually shorter than the time re- 
quired for NO to peak. Further downstream, as residence time increases, 
the HCN disappears rapidly, falling to 1/3 to 1/4 of its peak value 
after -10-12 ms. Presumably, the HCN is being converted to molecular 
nitrogen since the NO concentration decays very slowly with increased 
residence time. The same general behavior is noted for fuels with and 
without fuel nitrogen (Ref. A-5, 9, 14, 16, 17). 

The final nitrogen-containing species of major importance is 
ammonia, NH 3 , but there is comparatively less data on NII 3 than on HCN 
and NO. As with HCN, ammonia concentrations increase with <t> up to a 
value of ~ 1.8 (Ref. A-9, 14, 19). There is little data available for 
4 > ^ 1 . 8 . 


Ammonia concentration variation with residence time is similar to 
that of HCN. Peak concentrations of NH 3 occur in the immediate post 
flame zone. As residence time increases, the ammonia concentration 
drops (Ref. A- 6 , 9, 14, 16, 17). 

Several calculations have been performed showing that, for hydro- 
carbon fuels containing fuel nitrogen, there is a strong minimum in the 
production of nitrogen-containing species (the sum of NO + NH 3 + HCN) in 
the equivalence ratio range 1.3 to 1.5 (Ref. 8 ). It has been claimed 
that this equivalence ratio range is the proper one for first stage 
burning since the sum of nitrogen-containing species is theoretically a 
minimum. The arguments against such a strategy are equally strong. 
First, the calculation is based on thermodynamic equilibrium, which is 
not usually attained in combustors with short residence times. Second, 
this strong minimum is usually not observed experimentally (Ref. A-4, 8 , 
14). Indeed, on flat flame and turbulent burners, there is experimental 
evidence that the sum of nitrogen compounds is reduced as <j> approaches 
2.0 (Ref. A-4). Third, for the range of equivalence ratios, 1.3-1. 5, 
the nitrogen containing species are mostly NO with little HCN and NH 3 . 

It is an experimental fact that NO persists in the post flame zone with- 
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out undergoing further reaction to molecular nitrogen. By burning at 
higher equivalence ratios in the first stage, the fuel nitrogen forms 
mostly HCN and NH3 and little NO. Both HCN and NH3 are known to decay 
in the post flame zone, thus reducing the concentration of fuel nitro- 
gen-containing species passed to the second stage of combustion. 

To summarize this section, we have examined the formation of 
pollutant-related species containing fuel nitrogen. The production of 
NO, HCN and HN3 is clearly a function of both equivalence ratio and 
residence time. As the equivalence ratio is increased past 41 ~1.7-1.8, 
the production of nitrogen-containing compounds (NO, HCN and NH3) falls 
off dramatically. Furthermore, as residence time in the post flame zone 
increases, HCN and NH3 decay while NO, stays approximately constant or 
decays slightly. Thermodynamic calculations suggest that the sum of all 
nitrogen-containing species is minimized at equivalence ratios in the 
range of 1.3 to 1.5. However, the experimental evidence of this minimum 
is not convincing. In the next section, we will consider the further 
oxidation of the first-stage combustion products. 


D. SECOND-STAGE LEAN COMBUSTION 

At the end of first-stage combustion, the hydrocarbon fuel and air 
mixture originally present has been converted to a gaseous mixture con- 
taining H2» CO, Ng, HgO, CO2, and small amounts of pollutant-related 
species, NO, HCN, and NH3. This mixture must now be diluted with ad- 
ditional combustion air and burned. The N0 X production in the second 
stage results from thermal fixation of the nitrogen in the final com- 
bustion air as well as any conversion of NO, HCN and NH3. For the fuels 
Jet A, JP5 and H2/CO/N2 mixtures (with no fuel nitrogen], it has been 
shown in this report and in Ref. A-24 that very low levels of N0 X can be* 
achieved under lean burning conditions by thorough premixing of the fuel 
and the combustion air. 

The conversion of fuel -produced nitrogen species (NO, NH3, HCN) to 
N0 X is not as clear cut. There is little data showing N0 X yields for 
hydrocarbon fuels doped with NO, NH3 and HCN at low equivalence ratios 
(4) < 0.5). The available data shows that at <fr = 0.6, 19% of the nitro- 
gen in the fuel appears as N0 X for a H2/C0/CH4/inerts mixture doped with 
NH3 (Ref. A-12). In another study, it was reported that NO has the 
highest conversion yields (over 70%), followed by HCN (65%) and NH3 
(35%) (Ref. A-8). While this data is hardly conclusive, it suggests 
that since HCN and NH3 have the lower conversion yields, the nitrogen 
intermediates should be biased towards HCN and NH3 and away from NO. 

This indicates that the first stage combustion should be as rich as pos-. 
sible. One thing is clear, yields are very sensitive to the equivalence 
ratio in the first and second stage. At this time, an appropriate data 
base does not yet exist to determine the proper second stage equivalence 
ratio so as to minimize overall exhaust pollutant emission for a given 
first stage equivalence ratio. 
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APPENDIX B 


DESCRIPTION OF TWO-STAGE COMBUSTOR 


A. INTRODUCTION 

A precombustion stage and a final -stage premix section designed 
for integration with the water-cooled inlet, combustion chamber and ex- 
haust nozzle components of the MOD 2M combustor described in Section III 
A of this report was constructed in preparation for two-stage combustion 
experiments* While these experiments have yet to be conducted* a brief 
description of the baseline apparatus will be given here. Since signi- 
ficant aspects of two-stage combustion are controlled by the combustor 
hardware, e.g. , preheating, premixing, flame stabilization, and reaction 
volume, it is expected that design iterations on the baseline apparatus 
will be required in order to optimize its operation. 

A schematic of the baseline apparatus is shown in Fig. B-l, a 
photographic view of the installation in the burner housing with the 
housing flange open is shown in Fig. B-2, and a photograph of the as- 
sembled precombustion stage and the second stage premix section is shown 
in Fig. B-3. Table B-l lists the nominal design conditions. 

Air from the burner housing plenum enters the combustor assembly 
at the two locations shown in Fig, B-l, the air split being controlled 
by the position of a remotely operated rotary damper (visible in Figs. 
B-2 and B-3) incorporated at the inlet assembly for the second stage. 

Air flowrate to the first stage is measured with a venturi meter. Total 
air flowrate to the plenum is also measured, therefore air to the second 
stage is determined as the difference between total and first stage 
flows. 

Fuel is fed to the two stages from independently controlled flow 
circuits located outside of the burner housing. Each flow is measured 
by a turbine flowmeter. The fuel is not heated prior to entering the 
housing. 

Ignition is provided by independently controlled torch ignitors 
(Air/Hg) located as shown in Fig, B-l and B-3. First stage product 
gases, 'rapidly quenched and premixed with final stage air and additional 
fuel (in some modes of operation), are burned to completion in the com- 
bustion chamber of the second stage. 


B. FIRST STAGE 

The first stage was designed to regeneratively heat the already 
preheated air from the plenum, heat the liquid fuel for flash vapori- 
zation during injection, and to thoroughly premix the fuel and air prior 
to the fuel -rich reaction in the first stage combustion chamber. A dis- 
assembled view of the precombustor is shown in Fig. B-4. 
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Photograph of precoirbustion 



Table B-l. Design conditions for a two-stage research combustor based 
on <{>o a 0*50 and 4>g c 2.85. 


Design Parameter 

Overall combustor 
Air total pressure (plenum) 

Air total temperature (plenum) 
Equivalence ratio U Q ) range 
Air flowrate 
Fuel flowrate 
Proeoinbustion stage 
Regenerative preheat temperature 
Equivalence ratio (: (1 ) 

Air flowrate 
10 air split 

All fuel through first stage 
Fuel flowrate 
10 air split 

All fuel through first stage 

Premix residence time 

Chamber residence time 
(no recirculation) 

Chamber reference velocity 
Product gas temperature 
Product exit velocity 
Premix swirl number 
f landholder swirl number 
Final stage 
Air flowrate 
10 air split 

All fuel through first stage 
Fuel flowrate 
10 air split 

All fuel through first stage 
Premi x tempera ture 
Premix residence time 
Premix axial velocity 

Chamber residence time 
(no recirculation) 

Chamber reference velocity 

Air swirl number 


Operating Condition 

Cruise Takeoff 


1.18 MPa (11.6 atm) 

728 K (BbO F) 

0*30-0.70 

1.57 kg/s (3.4G Ibm/s) 
0.53 kg/s (0.117) Ibm/s) 

811 K (1000" F) 

2.85 (maximum) 

0.157 kg/s (0.346 lbm/s) 
0.277 kq/s (0.610 Ibm/s) 

0.030 kq/s (0.067 lbm/s) 
0.053 kq/s (0.117) lbm/s) 
2-4 ms 
5-0 ms 

4. 6-7.6 m/s (15-25 ft/s) 

1488 k (8 mot) 

91-161 m/s (300-630 ft/s) 
0.7 
0.7 


1.41 kq/s (3.11 lbm/s) 
1.29 kq/s (2.85 lbm/s) 

0.023 kq/s (0.060 lbm/s) 
0 

849-927 K (1068- 1208 T) 

1 ms 

162 m/s (532 ft/s) 

6 ms 

17.4 m/s (57 ft/s) 

0.7 


3.04 MPa (30 atm) 

811 K (1000 'F) 

0.31-0.70 

4.00 kg/s (8.81) lbm/s) 
0.135 kg/s (0.290 lbm/s) 

922 K (MOOT) 

2.85 (maximum) 

0.400 kg/s (0.881 lbm/s) 
0.700 kg/5 (1.54 lbm/s) 

0.077 kq/s (0.170 lbm/s) 
0.135 kg/s (0.298 lbm/s) 
2-4 ms 
5-9 ms 

4. 9-8. 5 m/s (16-28 ft/s) 
1422 K (2100 P) 

88-154 m/s (290-505 ft/s) 
0,7 
0.7 


3.60 kg/s (7.93 lbm/s) 
3.30 kq/s (7.27 lbm/s) 

0.058 kg/s (0.128 lbm/s) 
0 

.,M-986 K (1191-1315 F ) 

1 ms 

168 m/s (551 ft/s) 

5 ms 

18.3 m/s (60 ft/s) 

0.7 
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Figure B-4. Photograph of disassembled precombustion stage 



The air is heated during its passage along a helical passage 
formed by the double walls of the cylindrical chamber and the loosely 
coiled fuel line positioned between the walls (Fig. B-l). The heated 
air then passes to a header cavity from which it is injected into a re- 
fractory mixing tube [3.81-cm (1.5-in.) inside diameter x 11.43-cm (4.5- 
in.) inside length] through eight 7.62-mm (0.30-in.) diameter cylindri- 
cal passages, tangentially oriented to provide a flow swirl number in 
the mixing tube of approximately 0.7. Figure B-5 shows the swirler 
mounted on the header end-plate, and also the thermocouple probes for 
measuring the air temperature in the header cavity and the premix 
temperature in the mixing tube. 

The unheated liquid fuel is supplied to the inlet end of the 
coiled-tube heat exchanger and the fuel is heated during its passage 
through the tube by the regeneratively heated air flowing toward the air 
header. The tube coil is not fastened to either of the walls of the 
combustion chamber except where it penetrates the outside wall, as 
apparent in Fig. B-3. Thus positive thermal contact with the hot chamber 
liner is avoided in order to reduce hot spots along the fuel tube. The 
9.5-mm (0.375-1 n. ) diameter, 0.51-mm (0. 020-i n. ) wall thickness of the 
fuel tube provides a mean fuel velocity of 0.9 m/s (2.9 ft/s) through 
the tube. 

After heating, the fuel is directed to a set of eight fuel 
injection tubes shown on the left-hand side of Fig. B-3. These tubes 
penetrate the header end-plate and the air swirler block with each tube- 
end flush with the inside wall of a swirler passage. A restrictor ori- 
fice located at the upstream end of each injection tube provides a pres- 
sure drop across which flash vaporization can occur. Thus, the initial 
fuel-air mixing occurs within the air swirler passages. 

Further mixing takes place within the mixing tube, and finally the 
premixed reactants are injected into the precombustion chamber via the 
swirl generating outlet of the tube. A swirl number of about 0.7 is 
produced by the seven tangentially oriented cylindrical passages shown 
in Fig. B-4. These passages are 8.33 mm (0.328 in.) diameter and 25.4 
mm (1.0 in.) long (by virtue of an extra thick refractory tube-end). 

The swirl -flow of the reactant mixture provides a recirculation 
region in the first-stage combustion chamber, which stabilizes the 
partial oxidation reaction near the exit of the mixing tube. The 
intended appearance of this reaction zone is depicted in Fig. B-6 which 
shows a swirl -stabilized laboratory-scale burner with quartz walls 
operating at an equivalence ratio of ~2.0 (JP5/air). The fainter 
appearing flame at the exit (top) of the burner represents the final 
stage of combustion since it is the result of ingesting ambient air into 
the products of the fuel -rich reaction. Although the fuel -rich reaction 
appears to have a bright color, it was in fact a blue flame. The quartz 
tube produced a yellow coloration. 

As shown in Table B-l the precombustion residence time for the 
two-stage combustor is in the range of 5-9 ms, depending on actual 
first-stage throughput. This is about equivalent to the residence time 
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Figure B-5. Photograph of air swirler for precombustion stage. 






for the final stage. This design condition was selected on the assump- 
tion that very fuel -rich reactions would exhibit the same combustion 
space rate as very fuel -lean reactions. Therefore, the first stage com- 
bustion volume was sized to be about 205S of the final stage volume since 
the maximum anticipated flow through the first stage was about 20 % of 
the total flow. 

C. SECOND STAGE 

The exit duct for the first stage shown schematically in Fig. B-l 
is viewed at its exit plane in Fig. B-7. The flow from the centrally 
located, 3.66-cm (1.44-in.) diameter duct exits coaxially with the air 
flow for final combustion. The air flow has a swirl number of ~0.7 
imparted by the swirl er shown in Figs. B-l and B-8, and is metered by 
the rotary damper valve (Fig. B-8) that controls the split of the air 
flow between the first and second stages. 

When all the fuel is not processed through the first stage, the 
residual fuel is introduced into the second stage premixing section with 
low velocity through the sixteen injection tubes shown in Fig. B-7 and 
B-8. 


All the major components of the second stage premixing section are 
shown and identified in Fig. B-8, including the portion of the inlet 
assembly for the combustion chamber that was adopted from the MOD 2M 
combustor. For the two-stage assembly the ellipsoidal bluff-body flame- 
holder was removed, and the two-stage premixing tube (ceramic) was in- 
serted through the central bore of the chamber inlet assembly. The 
annular flow area previously used was blocked by the mixing tube support 
and is not used for the two-stage combustor. 

The strong swirl of the air flow as it enters the premixing 
section is intended to provide rapid mixing with the hot first stage 
product gas. And because the relatively cool air mass flow is always 
sufficient (by design) to provide very fuel -lean final equivalence 
ratios, it is expected that the rapid mixing and short (1 ms) residence 
time will promote quenching of reactions within the premixing section. 
Typical final stage premix temperatures calculated assuming no reaction 
are included in Table B-l. 

Final combustion is stabilized by the swirl flow of the reactants 
as they exit the premix tube. Ignition of the final stage is provided 
by a torch ignitor. The 5-6 ms residence time of the final combustion 
volume appears to be adequate for efficient, low emission burning, as 
demonstrated by the results of experiments with a simulated product gas 
discussed in the main text of this report. 
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Photograph of second staoe nixing section 
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APPENDIX C 

DERIVATIONS AND CALCULATION PROCEDURES 


A. DERIVATION OF TWO-STAGE LEAN-LIMIT EQUIVALENCE RATIO 

For the purpose of estimating lean limit equivalence ratios (# c l) 
for two-stage systems it is convenient to consider the fuel to the 
second stage to be composed of a fuel -rich product stream from the first 
stage plus any raw fuel not processed through the first stage. Further- 
more it is convenient to use the procedures outlined in Ref. C-l for 
predicting the le«n limit of any mixture of fuels from a knowledge of 
the lean limits for the individual fuels. 

In Ref. C-2 it was shown that the Le Chatelier prediction formula 
described in Ref. C-l could be expressed in terms of fuel/air mass ratio 
as 


r LM 



(C-l) 


where: 


Ru g mass ratio of total fuel mix-to-air in the second stage in a 
lean-limit mixture (fuel mix comprises product gas plus 
additional raw fuel). 

a[_ n mass ratio of jet fuel-to-air in a lean-limit mixture; a 
constant for a fixed jet fuel. 

F 2 mass fraction of product gas in the total fuel mix in the 
second stage. 


PL 


g g L - 1; with ai q being analogous to oq and estimated from 
«Lg 


Ref. C-l, considering the product gas as a fuel entity whose 
composition is a function of the first stage equivalence 
ratio (<t(,) and the inlet air state conditions; a constant 
for a fixed product composition. 


Now in order to be most useful in establishing lean limits for 
two-stage combustor operation on an operating map such as shown in Fig. 
4 of the main text, it is necessary to convert Eq. (C-l) to an expres- 
sion giving the lean-limit equivalence ratio for the final combustion 
reaction (4 > c l) as a function of fuel split ratio (Sf). 


i 


**» 


C-l 


In order to accomplish this the following definitions are made, 
using nomenclature that is consistant with Fig. 3 and Section II. B, of 
the main text. 

nifg S a R g 

Sf 0 O 

| » B83SS3 " SS=S J 

mft ><o 
m ag a % R o 
m at Rg 


R s “ stoichiometric fuel-to-air mass ratio 
for jet fuel. 


I M _ 

“c U a *'s ^c 

m ag + m ac 

mft mft 

R 0 3 _______ c G M 1 ^) a R s *0 

rfl ag + *ac + ™ad m at 


From the definition of and F in Fq. (C-l): 

mag + mfg + mf c 


(C-2) 


m ag + nifg 

mag + mfg + lfl fc 


(C-3) 


After considerable algebraic manipulation of Eqs. C-2 and C-3 and sub- 
stitutions of the other quantities defined above: 


R 0 (S f + Rg) 


1 + Pi /Si 


(C-4) 


5f + Pc 
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Rearrangement of Lq. (G«4) and conversion to overall equivalence 
ratio gives; 


«L *'<! (1 * %) 


a R ° a 

% 1{ sT i{ g * Sftl +~ UgHT 


(C-b) 


or, since <t > 0 c 4 > e (1 - X), 


$cL 


Ct[ Uy 


H s f I<() + 


7itfrn?p7T 


(C-6) 


The values for and Pl used in this report are based on Informa- 
tion from Ref. C-l. Jet fuel (JPB) was considered to be the same as 
kerosene for which the volumetric lean limit in air, expressed as a 
fraction of the fuel vapor in the lean limit mixture, is given as 0 . 00 /. 
This converts to a fuel-to-air mass ratio (oqj of 0.0414 assuming the 
molecular weights of fuel and air are 1/0 and 20.968, respectively. 

pL was computed for both the equilibrium product gas at <*>g => 2.H3 
and the simulated product gas and found to be essentially the same, as 
would be expected (see gas compositions listed in Table 1 of the main 
text). Table C-l shows the method of calculation for the equilibrium 
composition case for which p^ is -0.6533. The inerts are arbitrarily 
paired with the combustibles as shown; however, switching them around 
makes very little difference. For comparison, the P[_ computed for the 
simulant gas was -0.6570. 


B. CALCULATION Of MISSION INDEX 

The emission index is defined as: 


tip - PPWp x I p x 1 + 


wnere : 

ppnip - measured volumetric concentration in parts per million of 
pollutant p in dry gas sample. 

Mp •■= ratio of molecular weights of pollutant p to exhaust gas, 
taken as; 

= 0.5585 (expressed as CH 4 ). 

I C 0 n 0.9773. 

Mf^ox " 1.6056 (expressed as NO 2 ) * 


R *’at, \ o 

x 10 “^ 

"‘ft / 
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Table C-l. Calculation of Pl f° r two-stage combustion; with <J>g ° 2.83 
(equilibrium composition case). 


Combustibles, 

% Vol 

C0 2 

Inerts % Vol. 

n 2 

n 2 o 

Total 

(P) 

Lean Limit 
(N) 

h 2 

22.7 

0.25 

25.45 

0.4 

48.80 

9.0 

CO 

24.7 

0.25 

25.45 

0.4 

50.80 

27.0 

CH4 

0.4 




0.4 

5.3 


Volume fraction of product gas 
in lean limit mixture with air = 
(Ref. C-l) 


Equivalent gas-to-air mass 
ratio («i_ g ) using molecular 
weight of product gas of 
22.05 


Therefore, p|_ = ^L_ - i = 0«0414 _ 
ain 0.1193 


1 

H + H + 

>h ^2 N3 
1 

48.80 + 8o;'8UTU:4' = 0.1355 
9.0 27.0 5.3 


22.05 x 0.1355 
28.965 (1 - 04355) 


1 = -0.6533 


C-4 




m at = total (1) mass flow rate of air to combustion system, 
liift = total (2) mass flow rate of fuel to combustion system. 


Notes : 

(1) For the simulated-gas experiments, m a t n ni ag + m ac (no dilution 
air was used), m ac being measured directly and m ag being determined by 
the relationship: 



9 


1 + R 


g 


— 0.834 nig 


where 


m q - total measured simulant gas flowrate. 
Rg = 0.1927 ( 4 »g = 2.83 assumed constant). 


(2) For the simulated-gas experiments, mft = n'fg + nifg » nifg being 
measured directly and nif g being determined by the relationship: 



Rglilg 

mq 


0 . ' 616 nig 


For the hydrogen-enrichment experiments, liift = mjp + mu , where mjp and 
iii(| were measured directly. 2 

2 


C. CALCULATION OF OVERALL EQUIVALENCE RATIO 


Overall equivalence ratio is defined as: 

mft mft 

i'o " , ~ 

"at 0.068 m a t 


where mft and m a t were calculated as above for the simulated-gas experi- 
ments and R s = stoichiometric fuel-to-air mass ratio for jet. fuel (taken 
to be 0.068). 


For the hydrogen enrichment experiments: 


1 

m at 
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where: 


R S jp = 0.068 as before. 

Rsh„ = stoichiometric fuel-to-air mass ratio for hydrogen (taken 
2 as 0.029). 
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